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SYNOPSIS
Two f u l l -s c a l e h e a t i n g experiments and a time-scale h e a t i n g experiment have r e c e n t l y been s t a r t e d i n g r a n i t e 340 meters below surface. The purpose o f t h e f u l l -s c a l e h e a t i n g experiments i s t o assess t h e n e a r -f i e l d e f f e c t s o f thermal l o a d i n g f o r t h e design of an underground r e p o s i t o r y o f n u c l e a r wastes. That o f t h e times c a l e h e a t i n g experiments i s t o o b t a i n f i e l d data o f t h e i n t e r a c t i o n between heaters and i t s e f f e c t on t h e rock mass d u r i n g a p e r i o d of about two years, which corresponds t o about twenty years of f u l ls c a l e operation. Geological f e a t u r e s o f t h e r o c k around each experiment have been mapped c a r e f u l l y , and temperatures, s t r e s s e s and displacements induced i n t h e rock by heating have been c a l c u l a t e d i n advance o f t h e experiments. Some 800 d i f f e r e n t measurements a r e recorded a t f r e q u e n t i n t e r v a l s by a computer system s i t u a t e d underground. These data can be compared a t any t i m e w i t h p r e d i c t i o n s made e a r l i e r on v i d e o d i s p l a y u n i t s underground.
* This paper was presented at the OECD Seminar on [I] , a t i m e -s c a l e and two f~l l -s c a l e h e a t e r t e s t s have been designed and i n s t a l l e d a t a d e p t h of about 34C m below surface i n d r i f t s excavated i n g r a n i t i c r o c k a d j a c e n t t o an abandoned mine a t S t r i p a , Sweden [2] .
The l a y o u t o f t h e e x p e r i m e n t a l d r i f t s and a s s o c i a t e d e x c a v a t i o n s i s as i l l u s t r a t e d i n F i g u r e 1. D e t a i l s o f t h i s e x p e r i m e n t a l l a y o u t were agreed up011 i n J u l y , 1977; t h e t i m e -s c a l e e x p e r i m e n t was s w i t c h e d on on June 1, 1978, and t h e f u l l -s c a l e experiments on J u l y 3, 1978, and August 24, 1978. Due l d r g e l y t n t h e d e c i s i o n t o use a d i g i t a l computer undergroticd t o r e c o r d and p r e s e n t t h e Cat; oil a c o n t i i~i~o u s b a s i s , some p r e l i m i n a r y r e s u l t s from t h e t i m e -s c a l e t e s t and t h e f i r s t f u l l -s c a l e t e s t a r e a1 ready a v a i l a b l e f o r s t u d y and cornparison w i t h L h e o r e t i c a l p r e d i c t i o n s . F i g . 1. A p l a n o f t h e t e s t s i t e underground a t S t r i p a showing t h e t i m e -s c a l e and f u l l -s c a l e d r i f t s and t h e extcnsometet* d r i f t f o r t h e l a t t e r , w h i c h i s l o c a t e d d t a l o w e r e l e v a t i o n , as w e l l as o t h e r d r i f t s .
EXPERIMENTAL LAYOUT
The two f u l l -s c a l e t e s t s comprise e l e c t r i c a l h e a t e r s w i t h a aaxilnum power. o u t p u t o f 20 kW, i n s i m u l a t e d h i g h l e v e l r a d i o a c t i v e waste c a n i s t e r s measuring 0.3 m i n d i a m e t e r and h a v i n g a h e a t e d l e n g t h o f 7 . 5 111. These heitl.ers ha.w beer! i n s t a l l e d i n v e r t i c a l b o r e h o l e s 0 . 4 m i n diaroetev by 5 . 5 m deep d r j l !!id i n t o t h e f l o o r o f t h e f u l l -s c a l e t e s t d r i f t , and separated by a i i i s t a n c e of ii In
The f i r s t o f t h e f u l l -s c a l e h e a t e r s , nmresl the (iiltrar~cct c i P i b i s dr ii't, i s o p e r a t i n g a t a power o u t p u t o f 5 kW, c o r r e s p o n d i n g t o t h a t From a c a n i s t e r o f reprocessed h i g h -l e v e l waste o n l y 3 ?/2 y e a r s a f t e r removdl o f t h e f u e l From ii n u c l e a r r e a c t o r [3]. T h i s i s c o n s i d e r e d t o be t h e h i g h e s t pc~wcr o u t p u l of any c a n i s t e r t h a t may be b u r i e d . To s i m u l a t e t h e e.ff'ec1.s o f interast:ioij b e b e e r , p r o x i m a t e c a n i s t e r s i n an underground repositoi-,yi w h i c h wo!ilif r e l i l l l ir'~ a tenlp e r a t u r e o f t h e r o c k mass u n d e r g o i n g a thewr~a'l ptll;e a5 d e s c r i i~e d by Cook and Withpi-spoofi ;his f u l l -s c a l e h e a t e r i s ri!rv,oi/qcjed by F: pi;ri!;h+-..a1 
s w i t c h e d on t o i n c r e a s e t h e t e m p e r a t u r e o f t h e r o c k around t h e main h e a t e r by a b o u t 10O0C, so as t o measure t h e response o f t h e r.o::k t o t h e tenipt.raturc g r a d i e n t necessary t o enable heat t o flow away from t h e main heater b u t a t a g r e a t e r a b s o l u t e temperature.
The second f u l l -s c a l e heater, a t t h e end o f t h i s d r i f t , i s o p e r a t i n g a t a power l e v e l o f 3.6 kW, corresponding t o t h e t h e m 1 o u t p u t o f a c a n i s t e r o f r eprocessed h i g h -l e v e l waste 5 years a f t e r removal of t h e f u e l from a nuclear r e a c t o r , [3].
These two f u l l -s c a l e experiments have been designed t o assess the n e a r -f i e l d themo-mechanical response of the rock c l o s e t o these heater c a n i s t e r s t o heating i n the short-term, and under simulated c o n d i t i o n s o f rock temperature i n the longterm. To f a c i l i t a t e the study o f the i n t e r a c t i o n between adjacent heaters and t o measure t h e response o f a l a r g e r volume o f rock i n s i t u then can be done i n these f u l l -s c a l e experiments, a time-scale experiment i s a l s o being conducted i n a separate d r i f t . Using t h e q u a d r a t i c r e l a t i o n s h i p which e x i s t s between l e n g t h and t i m e i n s o l u t i o n s t o t h e l i n e a r conduction o f heat, t h e l i n e a r scale o f the times c a l e heaters has been reduced t o 0.31 of t h e i r f u l l -s c a l e counterparts, so t h a t time i s a c c e l e r a t e d by a f a c t o r o f 10.2. To m a i n t a i n s i m i l i t u d e o f the temperat u r e s , the power o u t p u t has been reduced by t h e same amount as the l i n e a r scale. Figure 3 ). I n i t i a l l y , t h e power output o f each heater was 1 . 1 kW corresponding t o the 3.6 kW, s i m u l a t i n g t h e r e d u c t i o n i n heat output by r a d i o a c t i v e decay over a p e r i o d o f 20 years from c a n i s t e r s o f h i g h l e v e l waste.
To assess t h e i n s i t u response o f t h e rock t o these experiments, t h r e e d i f f e r e n t s e t s o f measurements, each p r i n c i p a l l y dependent upon a d i f f e r e n t p h y s i c a l p r o p e r t y o f t h e rock, a r e being made as a f u n c t i o n o f time, namely, measurements o f temperature f i e l d s , measurements o f displacements and measurements o f s t r e s s .
The i n s t r u m e n t a t i o n used f o r these experiments i s s u m a r i z e d i n Table I . D e t a i l s o f t h e instruments a r e g i v e n by P r a t t e t a l . , [4] , and t h e exact l o c a t i o n o f each instrument h o l e f o r t h e d i f f e r e n t experiments i s described by K u r f u r s t a l . 151. S i m i l a r measurements a r e made along d i f f e r e n t , sometimes orthogonal, -d i r e c t i o n s i n an endeavor t o d e t e c t a n i s o t r o p y i n t h e r o c k mass. To enable measurements o f r a d i a l displacement t o be made around t h e f u l l -s c a l e heaters, an extensometer d r i f t has been excavated t o t h e s i d e o f , and below t h e f u l l -s c a l e d r i f t . From t h i s extensometer d r i f t , 3 s e t s o f r a d i a l extensometers each a t 3 d i f f e r e n t e l e v a t i o n s have been i n s t a l l e d i n d i r e c t i o n s p e r p e n d i c u l a r and a t + 1114 t o the a x i s o f t h e d r i f t (see F i g u r e 1). In t h e t i m e -s c a l e experiment o n l y v e r t ic a l extensorneters have been i n s t a l l e d , as t h i s experiment i s intended t o be v i r t u a l l y u n a f f e c t e d by t h e p r o x i m i t y o f t h e excavations. S i m i l a r l y , t h e thermally-induced stresses a r e a f u n c t i o n o f the temperature f i e l d , t h e boundary c o n d i t i o n s and a thermo-mechanical f a c t o r , S, g i v e n by where E = Young's modulus and t h e o t h e r terms a r e as d e f i n e d above. [ 6 ] . F i n a l l y , measurements o f thermal ly-induced s t r e s s e s should provide i n f o r m a t i o n on t h e i n s i t u v a l u e o f Young's modulus f o r t h e r o c k mass, although s t r e s s i s i n f e r r e d from displacements on a small s c a l e r a t h e r than measured d i r e c t . A l l extensometers a r e v e r t i c a l w i t h 4 anchor p o i n t s v a r y i n g from 3 m below t o 7 m above t h e h e a t e r mid-plane.
THEORETICAL PREDICTIONS
Where heat f l o w i s e n t i r e l y ( o r p r i n c i p a l l y ) by conduction t h e development o f t h e temperature f i e l d depends upon t h e d i f f u s i v i t y o f t h e rock and t h e power and geometry o f t h e heat source. I n a l i n e a r l y t h e r m o -e l a s t i c m a t e r i a l , thermally-induced displacements a r e a f u n c t i o n o f t h i s temperature f i e l d , t h e boundary c o n d i t i o n s and a f a c t o ra. Instruments I n s t a l l e d V e r t i c a l l y from the F l o o r of t h e F u l l -s c a l e D r i f t Instrument type Temperature measurements: Thermocoupl es Displacement measurements: Extensometers Stress measurements : USBM Gauges I r a d Gauges Number Used 30 6 i 0 2 Comments Thermocouples a r e i n s t a l l e d i n 6 holes a t r a d i i from t h e h e a t e r center varying from 0.4 m t o 0.9 m. Each extensometer has 4 anchor p o i n t s v a r y i n g from 7.5 m below the heater mid-plane t o 2.25 m above t h i s plane A l l o f t h e extensometers, USBM gauges and I r a d gauges have thermocouples associated w i t h them which a r e i n a d d i t i o n t o the 30 l i s t e d above.I n p r i n c i p l e , s u i t e s o f such measurements should enable several important p r o p e r t i e s o f t h e r o c k mass t o be i n f e r r e d . F i r s t , t h e temperature f i e l d s should p r o v i d e i n f o r m a t i o n on t h e c o e f f i c i e n t s o f thermal d i f f u s i v i t
y (from s h o r t term d a t a ) and c o n d u c t i v i t y ( f r o m l o n g term d a t a ) t o be d e r i v e d , and thermal anisot r o p y and departures from conductive heat f l o w t o be detected. Second, measurements o f thermally-induced displacements should p r o v i d e i n f o r m a t i o n on the c o e f f i c i e n t o f thermal expansion o f t h e rock mass t o be derived, making reasonable assumptions about values f o r Poisson's r a t i o . The e f f e c t s o f geologic discont i n u i t i e s on t h e n a l l y -i n d u c e d displacements should be e v i d e n t , e s p e c i a l l y as t h e o r i e n t a t i o n o f these d i s c o n t i n u i t i e s has been measured and i s a n i s o t r o p i c
Temperature measurements: Thermocouples Displacement measurements: Extensometers P r e d i c t i o n s of t h e temperature f i e l d s , displacements and stresses as 2 f u n c t i o n o f time have been made f o r each experiment, u s i n g t h e l i n e a r theory o f t h e r m o -e l a s t i c i t y and l a b o r a t o r y values f o r t h e thermal and e l a s t i c coefficients
of t h e g r a n i t e a t S t r i p a , i n advance o f t h e a c t u a l e x p e r i m e n t s [ 7 , 8 ] 
I V . PRELIMINARY RESULTS i ) Temperature f i e l d s : P r e d i c t e d and measured t e m p e r a t u r e s i n t h e m i d -p l a n e o f t h e t i m e -s c a l e h e a t e r s a t a r a d i a l d i s t a n c e o f 0.87 m a l o n g d i f f e r e n t d i r e c t i o n s a r e shown i n F i g u r e 2, f r o m t h e t i m e t h e h e a t e r s were s w i t c h e d on t o 103 days. Measured t e m p e r a t u r e s a r e s l i g h t l y l o w e r t h a n t h o s e p r e d i c t e d . In p a r t , t h i s i s a r e s u l t o f w a t e r i n t h e h e a t e r h o l e s w h i c h causes t h e h e a t t o be d i s s i p a t e d o v e r a g r e a t e r l e n g t h o f h o l e t h a n used i n t h e c a l c u l a t i o n s , by e v a p o r a t i o n o f w a t e r a t t h e h e a t e r and c o n d e n s a t i o n f u r t h e r up t h e h o l e . I n F i g u r e s 3 and 4 a r e p l o t t e d p r e d i c t e d i s o t h e r m s i n a h o r i z o n t a l p l a n e t h r o u g h t h e m i d d l e of t h e t i m e -s c a l e h e a t e r s and i n a v e r t i c a l p l a n e a c r o s s t h e s h o r t a x i s o f t h e room c o n t a i n i n g t h r e e o f t h e s e h e a t e r s , r e s p e c t i v e l y , t o g e t h e r w i t h measured temperatures 9 0 days a f t e r h e a t i n g had s t a r t e d . Again t h e comparison between measured and p r e d i c t e d valdes
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F i g . 2. Curves showing t h e p r e d i c t e d (dashed) and measured ( s o l i d ) temperatures as a f u n c t i o n o f t i m e a t a r a d i u s o f 0.87 m i i o f i t h e m i d -p o i n t s o f t h e two i n n e r m o s t h e a t e r s on t h e y -a x i s , as shown i n F i g u r e 3 f r o m w h i c h t h e h o l e l o c a t i o n s can be found a l s o . The n e a r v e r t i c a l e x c u r s i o n s o f t h e measured values r e f l e c t m a l f u n c t i o n s i n t h e d a t a c o l l e c t i o n system.
I Heater holes; a Thermocouple holes.
F i g . 3. P r e d i c t e d isotherms and measured temperatures i n a h o r i z o n t a l plane through t h e middle o f t h e time-scale experiment 90 days a f t e r h e a t i n g had s t a r t e d . (Scale f o r b o t h x and y axes i s g i v e n i n meters. )
i s close, a1 though t h e e f f e c t s o f heat t r a n s f e r up t h e h o l e by evaporation and condensation can be seen i n t h e h i g h e r values o f measured temperatures above the heaters.
I n F i g u r e 5 a r e p l o t t e d t h e p r e d i c t e d isotherms i n a h o r i z o n t a l plane through t h e c e n t e r o f t h e 5 kW f u l l s c a l e heater a t 65 days a f t e r i t had been switched on, t o g e t h e r w i t h measured values o f temperatures i n th!s plane a t v a r i o u s r a d i i and i n d i f f e r e n t directions a t t h a t time. I n general, measured temperatures a r e s i i g h t i y i o w e r than preciictea b u t t h e r e i s no gross w i d s f i c e
of thermal a n i s o t r o p y n o r o f heat t r a n s f e r o t h e r than by conduction. rock behavior i s a n i s o t r o p i c . The discontinuous displacements often occur w i t h i n a s h o r t time p e r i o d a t d i f f e r e n t anchor p o s i t i o n s o f t h e same extensometer and a l s o a t d i f f e r e n t extensometers, suggesting t h a t t h e rock i s behaving as a mass o f coupled blocks.
F i g . 4. P r e d i c t e d isotherms and measured temperatures i n a v e r t i c a l plane ( y = -3.5 m) c o n t a i n i n g t h r e e o f t h e time-scale heaters, 90 days a f t e r h e a t i n g had s t a r t e d . (Scale
3 m below t h e heater mid-plane and t h e h o l e c o l l a r s i n t h e time-scale d r i f t . Important f e a t u r e s o f t h i s Figure which should be noted i n c l u d e : the absence o f i n i t i a l measured displacements, t h e l a r g e d i s p a r i t i e s between the measured and t h e p r e d i c t e d values, and t h e discontinuous n a t u r e o f these displacements. The d i f f e r e n c e s between t h e measured and t h e p r e d i c t e d displacements may be t h e r e s u l t o f t h e e f f e c t s o f t h e f l o o r o f the d r i f t . I n order t o minimize the i n f l u e n c e o f t h i s boundary, checks have been made o f t h e d i f f e r e n t i a l movements between anchor p o i n t s l o c a t e d 3 m above and 3 m below t h e heater mid-plane. These checks have shown s i m i l a r d i s p a r i t i e s between measured and p r e d i c t e d displacements and t h a t t h e r a t i o between t h e measured and t h e p r e d i c t e d displacements v a r i e s between 114 and 1/2. This i n d i c a t e s two p o i n t s : ( i ) i t appears u n l i k e l y t h a t t h e presence o f t h e d r i f t i s a f f e c t i n g t h e r e s u l t s s u b s t a n t i a l l y , and ( i i ) the
T i m e (days)
The maximum p r e d i c t e d and measured displacements around t h e 5kW f u l l -s c a l e heater are i l l u s t r a t e d i n F i g u r e 7. Note again t h a t t h e measured values are s i g n i f i c a n t l y l e s s than t h e p r e d i c t e d values and measured curves a r e remarkably s i m i l a r . r o c k movements i n d i c a t e a n i s o t r o p i c behavior ments t h a t a r e approximately t h s same, w h i l s ments about 80 per c e n t g r e a t e r , ( F i g u r e 7 ) .
I n b o t h f u l l s c a l e experiments one h o r i on opposite sides o f a diameter below t h e b o t displacement between these two anchor p o i n t s b u t t h a t t h e shapes o f the p r e d i c t e d Note a l s o t h a t t h e measurements of Two sets o f readings show displacethe t h i r d s e t i n d i c a t e s rock movez o n t a l extensometer has anchor p o i n t s tom o f t h e heater. The r e l a t i v e i s t h e l e a s t ambiguous o f a l l the disblacement measurements as they a r e l e a s t a f f e c t e d by t h e boundaries of the d r i f t s . P r e d i c t e d and measured values f o r these displacements f o r t h e 5 kW f u l l -s c a l e heater a r e i l l u s t r a t e d i n F i g u r e 8. Note t h a t they are n o t s y m e t r ic a l about t h e a x i s o f t h e heater because t h e displacements a t each anchor p o i n t have Seen measured r e l a t i v e t o the borehole c o l l a r i n the extensometer d r i f t .
Again measured values o f displacement a r e s i g n i f i c a n t l y l e s s than p r e d i c t e d values .
Time days
Time (days) A l l these data suggest t h a t t h e thermally-induced displacements i n t h e rock mass a r e indeed l e s s than those p r e d i c t e d by theory. This r e s u l t mdy be expected because t h e r o c k mass i s j o i n t e d and expansion may t a k e place i n t o j o i n t spaces. If t h i s were so, t h e values of t h e t h e n a l l y -i n d u c e d stresses should be l e s s than t h e p r e d i c t e d values. Stress measurements a r e n o t o r i o u s l y d i f f i c u l t t o make b~~t readings obtained from a number o f instruments, such as t h a t i l l u s t r a t e d i n F i g u r e 9 suggest t h a t t h e measured values o f the thermally-induced stresses a r e s i m i l a r t o t h e p r e d i c t e d values! V.
DISCUSSION
These data a r e n o t y e t adequate n o r have they been s t u d i e d i n s u f f i c i e n t d e t a i l f o r o t h e r than t e n t a t i v e conclusions t o be drawn.
Nevertheless, t h e temperature measurements suggest t h a t heat f l o w i n t h e rock mass i s predominantly by conduction and t h a t t h e o r e t i c a l c a l c u l a t i o n s u s i n g l a b o r a t o r y values o f thermal c o e f f i c i e n t s can be used t o p r e d i c t rock temperature: reasonably w e l l . F i g . 9. P r e d i c t e d (dashed) and measured ( s o l i d ) r a d i a l , O r , and t a n g e n t i a l , ag, stresses i n t h e v i c i n i t y o f t h e 5 kW heater. Stress readings were computed from borehole displacements measured using a USBM borehole deformation gauge. Excursions of t h e measured curves r e f l e c t m a l f u n c t i o n s o f t h e data c o l l e c t i o n system. the thermal expansion o f t h e rock i s taken up by spaces between j o i n t surfaces. Thereafter, as stresses a r e generated across these surfaces, t h e displacements would become i n c r e a s i n g l y l i n e a r . The r e l a t i v e d i s p a r i t i e s between measured and p r e d i c t e d displacements may be expected t o vary w i t h t h e d i r e c t i o n i n which they are made because o f t h e a n i s o t r o p y o f j o i n t i n g . Displacements may tend t o be discontinuous because of s t i c k -s l i p caused by f r i c t i o n across j o i n t s [9] .
Although evidence f o r each o f these kinds o f d e v i a t i o n of measured displacement from p r e d i c t e d displacement can be found, t h e r e a r e exceptions. If displacement i n t o spaces between j o i n t s were as i m p o r t a n t as t h e d i s p a r i t y between p r e d i c t e d and measured values suggest,s, t h e compliance o f t h e rock mass t h a t i s , the value of i t s Young's modulus would be much l e s s than t h a t of l a b o r a t o r y specimens. From t h i s i t would f o l l o w t h a t t h e magnitudes o f t h e thermally-induced s t r e s s would be correspondingly s m a l l e r . Although d i f f i c u l t i e s have been experienced i n making s t r e s s measurements, many o f them ( c . f . F i g u r e 9) i n d i c a t e t h a t t h i s i s n o t always t h e case. 
